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ABSTRACT
The need for the study of microfossils such as foraminifera,
conodonts, and otoliths as stratigraphic tools has been well
established.

However, disarticulated parts such as otoliths and

conodonts cannot be effectively used unless they can be recognized.
Otoliths, although somewhat unrecognized in the geological record,
are far more abundant than articulated skeletons (Frizzell, 1965, p. _
86).

Therefore, much investigation is being conducted to reveal the

origin, function, morphology, and usefulness of the otoliths of
fishes.
In this investigation, the asteriscus, well developed only in
Ostariophysins (of which the carp is a member), is studied for morphology.
parts.

New tentative terms are used to name previously undesignated
The origin and development of otoliths has been studied and

it is shown that the nuclei of otoliths originate as a mass of individual crystals rather than a single tiny crystal.

Finally, the

possible methods of preservation of carp otoliths are discussed.
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I.
A.

INTRODUCTION

Statement of the Problem
The problem undertaken in this thesis is to study and expose the

internal structure, morphology, and chemical composition of the
asteriscus and lapillus of Cyprinus carpio (common carp).

The

asteriscus and lapillus (otoliths or earstones) of the common carp
were studied both by means of the literature and through research for
the purpose of determining the internal structure both organic and
inorganic.

The nineteen filleted bodies of Cyprinus carpio obtained

from a fish market in St. Louis, Missouri, and several species of fish
taken from natural streams and lakes in Missouri comprised the material
which was studied.
B.

No fossil material was examined.

Importance of the Investigation
The study of otoliths is in a pioneer stage and will remain so

until much more data are accumulated on both fossil and living fishes
for morphological analysis as well as for stratigraphic reference.
Such studies require training in areas of both micropaleontology and
ichthyology.

However, Micropaleontologists lack the ichthyological

background necessary for this type of work and ichthyologists lack
the geology and do not have sufficient interest in otoliths to perform this type of study (Frizzell and Dante, 1965, p. 688).
As an example of the lack of available knowledge, an otolith
(lapillus) was found in the Upper Cretaceous of South Dakota by Mr.
Robert C. Vorhis of the U.S. Geol. Survey.

This otolith was found
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to be an excellent marker for this horizon except for one thing:
had never before been named.

it

Frizzell, in 1965, named a new family,

genus, and species from this fossil lapillus as Vorhisia vulpes of
the family Vorhisiidae.

There is one very important outcome from

such naming of new otoliths:

a new faunule is added to the scanty

list of vertabrates which may be used by stratigraphers.
Fossil otoliths, although scarce, are far more abundant than
articulated skeletons (Frizzell, p. 86, 1965).

They may often be

found and retrieved in beds of both solid and loose materials where
skeletons are usually widely dispersed and scales are not successfully
extracted from the rock.

As a structural part of the nervous system

buried in the cranium of the fish, their evolution is quite independent of the forces of the immediate environment.

As such they may

aid in the differentiation of extinct taxa and lineages and in the
correlation of the classifications of living forms.

In divergent forms,

otoliths may reveal relationships of taxa that may be externally
different.

In convergent forms, theymay demonstrate the lack of re-

lationship in taxa that are externally similar.

In generalized forms,

otoliths may show genetic divergence quite well although it may not
be so readily expressed in other morphological characters.
The summation of minute morphological characteristics of the
otolith may be used for identification and naming of a species.
these, genera and families may also be named and identified.

From

When

naming new species, however, one must be careful concerning several
points.

First, samples within a species may vary in many characters

used for identification, so that limits of variation of characters

3

must be decided upon and used.

Another unlikely, but nevertheless

real, problem is that otoliths of unrelated lineages may converge in
structure.

Furthermore, part of the three pairs of otoliths may

degenerate in size and structure to a point where homology may not
be attempted.

Last of all, if one chooses unreliable characters on

the otoliths for classification of a taxa, then one may end up with
very poor results.
C.

Location and Function of the Otolith
Many vertebrates have an outer, middle, and inner ear.

(bony fishes) have only an inner ear.

Teleosts

Each pair of auditory labyrinths,

or bulla, contain the three pairs of otoliths.
a tough membrane, is composed of these parts:

The auditory labyrinth,
three semicircular

canals, a sacculus containing the sagitta, a lagena containing the
asteriscus, and a utriculus containing the lapillus (see Text Figure
1.)

In most fishes the sagittae are quite well developed while the

other two pair of otoliths are quite undeveloped.

Accordingly, the

sagittae have been much more studied and have been fairly well established as a stratigraphic tool.

In Ostariophysins, however, the

asteriscus is well developed and is the subject of this study.
Several functions have been fairly well established for the
otoliths of living fishes (Kleerekoper and Chagron, 1954).
can hear, at least to some degree.
in hearing among different taxa.

All fish

There is considerable variation
The family Cyprinidae was found to

be responsive to vibrational frequencies of 20 to 5000 cycles per
second.

Many fish also have the ability of tone perception.

Fish

4

do not have an awareness of absolute tones; only of relative ones.
Hearing and equilibrium are actually carried on in two separate areas
of each auditory labyrinth.

The pars inferior (sacculus and lagena)

are involved in hearing (in conjunction with the laterial line) while
the pars superior (utriculus and semicircular canals) are involved in
equilibrium.

In ostariophysi a set of bones, called Weberian ossicles,

connects the air bladder with the auditory labyrinth for increased
sensitivity of hearing.

Most fish can find the source of a sound

only when the sound is very strong and then only by the trial and
error method.

5

DORSAL

VENTRAL
Text Figu r e 1.

Left aud itory l a byrinth of Cyprinus carpio showing
terminology and orientation of otoliths
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II.
A.

REVIEW OF THE LITERATURE

History of the Study
There have been three general periods of the study of otoliths

prior to the present time.

The first period dates from the time of

such Italian and Greek philosophers as Aristotle and Pliny and
Younger who contemplated the existence of otoliths without realizing
what they were.

Science has largely ignored otoliths partly because

they were commonly found out of place and their identities were completely obscured.

The Italian scientist Casserius began the second

era of otolith study when, with two scientific studies published in
1600 and 1609, he showed for a limited set of samples that each species
has a characteristic otolith.

At this time, however, only one pair of

otoliths was known to exist in each individual.

In the eighteenth

century, the beginning of the third period, otoliths were finally
studied in fossil form and linked with the same structures in living
fishes.

During the last century, the three otoliths common to all

species of fish were named for the shape they take in Cyprinus carpio:
sagittae (arrow), lapillus (small stone), and asteriscus (star),
(Carlstrom, 1963).
The carp is the largest member of the minnow family and was originally an Asiatic species, spreading from there to the western world.
It was first studied and recognized as a species in Europe.
record does not extend below the Tertiary.

The fossil

Eocene fossils, however,

indicate that the species had already obtained its present morphological
characteristics at that time (Gosline, 1971).

This would indicate a
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Mesozoic origin.

The present diversity could easily have been reached

in the Eocene if the continents were at one time joined which, again,
indicates by necessity a pre-Cretaceous origin.

The generic name,

Cyprinus, is derived from Cyprus, the center of distribution in
Europe.

The specific name, f. carpio, Linnaeus, is a Latinized ver-

sion of the common name.

The carp was introduced into the United

States from Germany in the 1880•s.

They have since become abundant

throughout the United States in almost all environments, cold and
warm, low and high energy streams and lakes.
B.

Biological Notes on Cyprinus carpio
Because this study was carried out using fresh rather than fossil

samples, it might prove useful to include a few notes on the ecology
and habitat of the fish.

After all, one of the goals of the study of

fossil otoliths is to determine facts about the fish itself, and then
to correlate these facts with the geology of the rock hosting the
fossil otoliths.
There are three undesignated varieties of Cyprinus carpio:

the

common carp (completely scaled), the mirror carp (with a few large
scales), and the leather carp (no scales at all).
carp is widely found as its name implies.
waters of the Central Valley region.

Only the common

Carp may be found in all

The Colorado River, the Pacific

coast of southern California, and in Florida.

The natural habitat is

eutrophic waters and they can tolerate waters with very low oxygen
levels or extreme variations in temperature and pollution.

Where

deeper water is available, carp are rarely found below 100 feet in
depth.
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The upper, or lethal, limit of temperature is 96°F., with an
optimum temperature of 68°F.

They become inactive below 38°F but

some may even survive being frozen.

The lower level of oxygen con-

centration which may be tolerated is 0.48 mg/l at 50°F or 3.74 mg/1
at 68°F.

These levels may be reached for a short time because carp

have the ability to

11

gulp

11

atmospheric oxygen from the water s sur1

face when necessary.
They may withstand fairly high levels of salinity in their
habitat:

6000 mg/1 for young fish and 4500 mg/1 for eggs.

The

turbidity tolerance is 165,000 parts per million silicon dioxide
equivalents.
Carp consume almost anything; however, algae, small crustaceans,
worms, and molluscs rate very high on their list of desirable foods.
Rarely would they eat other fish or fish eggs.
The eggs of a carp are almost two millimeters in diameter.
the time of hatching the young fish are 0.1
and the adust fish is 20

11

to 25

11

11

long, 1

long at seven years.

weight of a carp in North America is 59.5 pounds.
achieved in captivity, was 47 years.
years.

11

At

long at 18 days,
The record

The maximum age,

The average life span is 13

The adult carp has a large, depressed fusiform body with very

soft rays in the fins and two pairs of barbels about the mouth to detect available food.
Carp which are free to move (those not confined to lakes and ponds)
often move great distances.

One individual caught and tagged in

Missouri was recovered 28 months later in South Dakota after traveling
674 miles.
arises.

All carp will invade favorable waters when the opportunity

Spawning is conducted in spring and summer, beginning when
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the water temperature reaches 60°F.; greatest activity is achieved
when the water temperature reaches 68°F.

Spawning, once started, goes

on day and night with much splashing around.

The females lay eggs in

groups of 500; a five pound female may lay a half million eggs, a
twenty pounder, up to nearly 2,000,000 eggs.
which sink to the bottom, develop rapidly.

The grey-white eggs,
They hatch in less than

96 hours at 7l°F., but may take up to eight days at 62°F.

The young

fish remain in shallow waters until the end of the summer at which
time they are about four inches long and are safe from predation.
Carp provide little and limited forage for other animals except
bass and catfish and predatory birds.

They do, however, provide a

large amount of food for human consumption.

Almost 300,000 pounds

are taken commercially each year in California alone.

It should

be pointed out here that this information was provided through Mr.
Joe Dillard by the Fish and Game Research Center of the Missouri
Department of Conservation.
An important aspect in biological research in the last few years
has been the development and interpretation of biological or circadian
rhythms.

These rhythms seem to play an all-important role in the

life and daily activities of nearly every form of plant and animal
life.

The circadian rhythm gives a species the ability to cope with

nature and to survive unfavorable seasons.

Migration of birds and

flowering of plants are two of the most obvious rhythms.

However,

many rhythms are taking place in other forms of life which are relatively unnoticable, but which are, nevertheless, just as important.

As

we shall see in this study, the growth rings found in the otoliths of
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fishes are permanent and accurate recordings of the circadian rhythm
of the individual involved.

These growth rings can be interpreted

as a daily rhythm with winter, summer, spawning, maturation, old age,
migration periods, and habitat indicated to a great degree through
the pattern of these daily growth rings (Pannella, 1971).
C.

Chemical Composition of Otoliths
Otoliths are composed of only two constituents:

aragonite

(Caco 3 ) and a protein, both of which are intermixed in a matrix of
concentric rings of acicular crystals.

As was shown by Mugiya (1968)

the organic protein of otoliths is a sulfated, highly oxygenated,
acidic mucopolysaccharide which is a saliva-resistant, complex protein,
the building blocks of which seem to be secreted into the area of the
otolith during growth through the macula (region around sacculus).
The greater part of the teleost otolith is Caco 3 (90% to 99.8 %)
in the form of the mineral aragonite as reported by Degens et ~- (1969)
in their analysis of 25 species.

The daily growth rings are evidence

that calcification of the otolith must be a continuous occurrence.
Irie, 1967, has shown that calcium deposited on the otolith is obtained
from two places:

the food that is consumed, and the surrounding water

in which the fish live.

In Irie's study, calcium attributed to food

intake is deposi ted on the otoliths of Cyprinus carpio at the rate of
1.5 x 10- 4 g/day, and calcium from water is deposited on otoliths of
the same species at the rate of 0.63 x 10 -5 g/day.

Using these figures

and particular conditions, then, it was shown that food was about 20
times more potent than water in the contribution of calcium to the
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otolith of Cyprinus carpio.

However, it has been shown for some other

species that water may be more important in the contribution of calcium
to the otolith.
Although calcium is deposited very regularly on a daily basis,
the amount of calcium deposited does change immensely throughout the
seasons.

Woodhead, 1968, shows that calcification in the adult is

associated very closely with the maturation process.

The calcium of

the blood, and therefore the entire body, is highest just prior to,
during, and just after spawning.

At the same time, it was shown that

the surrounding external environment has no control over the amount
of calcium deposted.

Water and food simply supply the calcium;

maturation, or the lack of it, dictates the degree to which the fish
incorporates the calcium into its body.
follow this path:

1)

The entire cycle seems to

Enzymes (or hormones) of the reporductive

organs just prior to spawning activities trigger the chemical reactions
necessary for the incorporation of calcium into the blood of the fish,
2)

the blood calcium concentration increases and the relative change

is recorded on the otoliths, 3)

calcium concentrations in the blood

are correlated with the transport of raw materials for the production
of sperm and eggs in the gonadal tissues, and 4)

after spawning,

the enzymes (or hormones) associated with (or responsible for) the
high concentration of calcium are released from the body (or are no
longer produced) and the corresponding drop in the calcium concentration of the blood is once again recorded on the otoliths.

Once these

changes are recorded on the otolith, they are permanent.

Growth rings

in fossil otoliths may be interpreted in this same manner, and thus
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many ecological mannerisms of a species may be studied even when the
specimen itself will never be encountered.
Along with calcium, oxygen may also be useful in interpreting
18
the life of a species. Oxygen isotope ratios (o ;o 16 ) reflect the
mean water temperature for a season of the fish's habitat (Devereux,
1967).

Because of the fact that calcification occurs mostly in the

summer rather than equally throughout the year, this is a weighted
ratio giving a mean temperature for the warmer season.
once this is understood, it can be compensated for.

However,

The mean tempera-

ture in the winter can then be determined, and thus a year-around
temperature average determined.

Besides indicating the temperature

of the waters in which a fish lived, the study of the oxygen in the
otolith may also reveal migratory tendencies in the specimen.

Just as

the maturation cycle may be recorded in fossil fish, so may the
temperature of its habitat and its migratory tendencies (the later only
18
if individual growth rings can be tested for o ;o 16 ratios.)
The only other element in the otolith to be studied extensively
is nitrogen.

The study of nitrogen has been conducted since nitrogen

is a common and standard indicator for the presence of organic material.
Many biologists feel that on the average, 16% of all organic material
is nitrogen, and so, the presence of nitrogen would indicate to a
strongdegreethe presence of organic material.

Mugiya (1965) deter-

mined that the average nitrogen concentration in various species of
fish otoliths is 0.17% to 0.23% of the total weight of the otolith.
As will be shown in the next section, two distinct zones of growth
rings are deposited annually on the surface of the otolith:

opaque
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(winter and spring) and translucent (summer and autumn).

Mugiya

showed more specifically that the average weight of nitrogen of each
zone is

Opaque--0.22% to 0.26 % and translucent--0 . 15% to 0. 18%.

It must be pointed out that although the names describing the two
zones are quite opposite in meaning, the two zones are both actually
translucent only one is much less so than the other.
Degens et

~·

(1969) conducted the most extensive and conclusive

research on the nature of the organic material incorporated into the
otolith.

By the use of x-ray diffraction and mass spectrometry they

have shown that otoliths of 25 teleosts are aragonite with 0.2 % to 10%
organic material by weight.
They showed that this organic material is not haphazardly constructed from one species to another nor is it determined by environment.

On the contrary, they have shown that this organic material has

a constant formula and structure without regard to environment or
species factors.

This organic substance was shown to be a fibrous pro-

tein with a molecular weight in excess of 150,000 and is composed of
a high abundance of oxygen rich amino acids.

The oxygen in aragonite

is formed in isotopic equilibrium with the environment.

The otolith,

it may be recalled, is completely isolated from the environment, but
because all raw materials are taken from the environment, the isotopes
of the various elemental constituents must be one of the few factors
in the growth of the otolith controlled by the environment.

This

isotopic data may be used both in fresh samples and in fossils to
determine the following:

l)

water temperature of the habitat, 2)

distinguish between fresh and salt water fishes, and 3)
migratory tendencies of the fish.

to reveal

They also showed that the growth

to
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rings themselves were composed of the organic material while the
aragonite is tied up as acicular crystals oriented radially from the
center to the outer edge of the specimen.

These growth rings were

also shown to be more closely spaced near the center of the otolith
(in the youthful stage of growth) than near the outer edge (older age).
As will be discussed in the next section, in order for an otolitto function in depth perception, it must be a piezoelectric body, or
possess the property of developing an electric charge on its surface
when slight pressures are applied along the crystal axes.

It has

long been known by geologists, and was recently tested for proof,
that aragonite has absolutely no piezoelectric properties.
proposed by Degens et

~.,and

It was

established to some degree, that organic

material, when so closely and intricately tied up with and held ridgidly to an actual mineral such as aragonite, may slightly alter the
unit cell of the mineral enough to give the otolith piezoelectric
powers.

Their proposition would seem valid but needs further inves-

tigation.
Finally, because the organic protein is uniform in composition
throughout the entire class of fishes, as much as can be determined,
Degens et
D.

~-,

have proposed the name Otolin for the new protein.

Structure of Otoliths
Pannella, 1971, showed that the growth rings on otoliths could be

interpreted for daily, spawning, monthly, fortnightly, and yearly
patterns.

Consequently they could be used as a very accurate indi-

cator of a fish's age.

The otoliths themselves have several important
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functions to perform for the fish.

They are used for control in

equilibrium, maintaining direction of travel, and sound detection.
As with any biological process within an organism, they share these
responsibilities with other organs, but are nevertheless essential in
these functions.
As Pannella points out, the most obvious banding in the otolith
is visible to the naked eye and represents a yearly pattern.

An

annual accumulation consists of one translucent zone of growth rings
and another zone less (or more) translucent and more milky in appearance
labeled opaque.

The translucent zone is calcified on the outer sur-

face of the otolith during the summer and autumn seasons, while the
opaque zone is calcified during the winter and spring seasons.

The

translucent growth zone is the fast growth area where most material
is added.

During this time much organic material is deposited on the

otolith while a much greater amount of Caco 3 (90% by total weight) is
being deposited on the surface of the otolith at the same time; therefore, with a lesser percentage of organic material this zone appears
light in color.

The opaque zone is one of slow growth.

Here even

less organic material is being incorporated onto the otolith, but,
relatively only a very small amount of Caco 3 is being incorporated
at the same time. Because of this, the greatest part of the slow
growth area is organic and appears darker or opaque.
In 1957, Irie published results very similar to Pannella •s on
these two conspicuous growth zones.

Irie showed that the calcifica-

tion rate was highly correlated to the intake of food during the summer
and autumn seasons and almost no calcification occurs in winter and
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spring when very little food intake is accomplished.

The study also

showed an exception in which the species lived in an area of a different seasonal pattern.

In 1955, Irie showed, through the use of

Debye-Scherrer and Laue' x-ray photographs and x-ray micrographs, that
the aragonite crystals are acicular with the long axis (c-axis) perpendicular to the growth rings, or the acicular crystals are oriented
radially from the center to the outer edge of the otolith, in some
cases a set of crystals would traverse that entire distance.

In most

cases, however, the crystals start and stop within the space of a few
growth rings with other crystals completing the structure.

Mugiya

(1964) came up with the same results on the structure of the translucent and opaque zones of the otolith.
Irie (1960) made a study on the conditions under which calcification occur.

It was shown that not only are Caco 3 crystals more
abundant in the translucent zone, but they are also larger than in
the opaque zone.

This is undoubtedly related to the amount of time

allowed during the periods of calcification.

In summer and autumn,

when the grains or crystals of Caco 3 are larger, there are also large
grooves between them giving a roughed appearance. In the winter and
spring the grooves between crystals are smaller and even then are
filled with the organic matrix, giving a much smoother appearance.
It was shown that the rate of calcification was independent of the
chemistry of the environment but dependent upon seasonal activities
of the fish.

When calcification occured, most growth took place on

either place on either end of the longest dimension of the otolith,
the smallest amount of growth on the outside face of the otolith, and
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a medium amount of growth on the internal face.

The calcification

rate was greatest in June to October and smallest in February to
March.

It was also shown that there was no calcification below 10°C.,

a very small amount at l5°C., and the beginnings of a noticeable
amount at 20°C.

So, once again, it may be generalized that the cal-

cification rate varies by the amount of food eaten and the degree of
activity from day to day in the fish•s habits.

The degree of activ-

ity (or metabolism) is, of course, controlled quite strongly by the
season, and the resulting temperature.
The next most obvious cycle of growth as shown by Pannella, is
the daily growth band.

It is not, however, available for observation

without a good microscope, both in quality and in size of magnification.
Although the daily growth bands are quite clear under high magnification, not all are continuous completely around the otolith.

Certain

conditions sometimes cause the growth lines to merge so that they may
not be traceable about an entire circumference so that there is not an
exact 1:1 correspondence between the number of days in a month or year
with the number of growth lines.
close.

Usually, however, it is quite

It was found that there were usually 100 to 110 days repre-

sented within the winter growth lines and 230 to 260 days represented
in the summer growth lines.

The total average was normally 340 to

360 days represented in an entire year.

It was also shown that this

close correlation deteriorated after the first three or four years
represented on the otolith.

This may be attributed to a change in the

efficiency and continuity of the growth process in later years and
also to the fact that fish grow only to a size commensurate with the
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size of their environment and the availability of food.

A large

community of fish in a small environment would tend to contain a
large percentage of small fish while in open waters many of these
would have grown much more, assuming the availability of food is
similar in both cases.

As in most animal life, reproductive activ-

ities appear to play a major role in interrupting this efficiency and
continuity of growth.
The only other pattern of growth obvious to a trained observer
is the period of spawning as shown by Pannella.

Spawning is the first

activity of a fish after emerging from the winter and a period of
inactivity.

Inasmuch as this is the case, the summer growth lines

begin abruptly cutting short the signs of winter in the growth pattern.
From this then one is able to obtain data on spawning such as water
temperature, oxygenation, length of spawning time, etc.
Monthly and fortnightly patterns are much more elusive to identify on the thin section or photograph and are even more elusive to
describe so that the reader is kindly referred to Pannella, 1971, for
this study.
Morris and Kittleman, 1967, studied the piezoelectric property
of otoliths.

In doing so they first removed all organic material.

Knowing that an otolith should be piezoelectric to carry on depth perception and that aragonite does not have this property, they arrived
at much the same conclusion as Degens et

~-

(1969) in that the

organic matrix carries on this important role.

While studying the

origin of piezoelectricity in otoliths they were also observing the
structure of the major otolith of the catfish family, the lapillus.
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Unlike the asteriscus of minnow family, or the sagitta of most other
fish, the lapillus in this case has no structure except a massive
aggregation of Caco 3 crystals. As will be shown in the next chapter,
the structure of the lapillus of Cyprinus carpio has as much detailed
structure as the asteriscus.
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III.
A.

LABORATORY METHODS AND EQUIPMENT USED

Long Term Preservation of Fish
The quickest and most efficient way of collecting fish samples

for otolith study is to pick up filleted bodies of the desired species
at a fish market, as was the case in this study.

The exact identity

of the species can easily be determined using the facial characteristics and the structure and location of the fins.

The origin of

the sample is also obtained easily from the market owner or manager.
Whenever samples are collected in bulk quantities, however, one must
be ready and equipped to preserve them for at least two reasons:
1)

decay is quite rapid in unpreserved samples and 2) the otolith

becomes quite fragile and chalky in texture after one or two days
(it is impossible to preserve the sample sample once this sate has
been reached).
On a short term basis, such as one or two days, the sample may
be preserved in alcohol.

This method is highly recommended because it

helps greatly to reduce danger of infection should one be cut or
scratched while

11

0perating

11

on the sample to remove the otoliths.

This

type of preservation may be done quickly and easily at room temperature.
For preservation longer than two days, however, alcohol is not recommended as it may etch or destroy delicate otoliths.
For long term preservation, freezing is the universal method.
Any chemical change is slowed down tremendously or stopped when the
sample is frozen.

After the sample has been identified as to species

the only portion of the fish which must be preserved is the cranial
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cavity contained in the upper half of the head anterior to the first
vertebrae.

(This may be thought of as the portion anterior to the

posterior margin of the gill covers).

The sample should be preserved

in water in a cardboard container to prevent odor leakage.

If the

samples are to be used one or two at a time, care must be taken to
preserve each sample individually.
in this manner.

Samples may be kept indefinitely

In order to remove the sample from the frozen state,

simply place it in a container of alcohol at room temperature and it
will be thawed in one or two hours.

It should be mentioned here that

care should be taken at all times to tag the sample for identification.
B.

Removal of Otoliths from Cyprinus carpio
The first step in this operation is to dispose of all the sample

except the portion containing the cranial cavity if this has not been
done prior to preservation.

Once this has been accomplished one must

remove the thin membrane of flesh covering the ventral side of the
cranial cavity.

This is done by scraping all the bone clean with a

tool such as a hunting knife.

Plate lA shows the operation at this

point.
The auditory labyrinths are located ventral to the posterior end
of the cranial cavity on either side.
is a thin bony membrane.

Separating these two labyrinths

The cranial cavity must be bisected length-

wise through this membrane in order to expose the otoliths to the best
advantage.

Although this same general method is used to extract

otoliths from most fish, there is one complication in the carp; the
cranium is quite massive and difficult to enter without destroying the
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otoliths.

The massiveness of the cranium may be compensated for by

guiding the cutting edge throughthemembrane separating the auditory
labyrinths.

A groove along the line of bisection in the cranium was

found to be a suitable guide.

A hacksaw, or metal saw, is used to

score a deep groove in the cranium.
or

11

1 ine of bisection.

11

Plate 18 shows this groove

The saw cannot be used for the entire bi-

section because the tearing action would rip the delicate labyrinthal
membranes and possibly destroy the otoliths, but the guiding groove
may be accurately placed to insure the accuracy of the knife s path.
1

Plate lC shows the exposed cranial cavity after bisection with the
two auditory labyrinths indicated.
Working with the left auditory labyrinth first (done merely by
convention), the thin bony membrane which may partially or totally
cover the otoliths must be removed.

This is done by a mixture of

cutting, chipping, and prying pieces of the bone with a slender and
very sharp scalpel and a needle.

There is very little space avail-

able around the otoliths so that all work must be done in a very
delicate manner to avoid contact with them.

Plate 2A is a photograph

showing the exposed left labyrinthal otoliths.

The three otoliths

may be retrieved best by lifting out the entire membraneous sac containing them.

If this sac has already been ruptured the otoliths

may be removed carefully one at a time with veryfiexible, pointed
tweezers.

The tweezers must be flexible in order to insure that not

too much pressure is placed on the delicate otoliths, and should not
have serrated

11

jaws

11

which may damage the specimen.

Once the otoliths are removed, all the organic material clinging
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Plate 1
Views of preparation for entering, and actual entering, the
brain cavity of Cyprinus carpio are shown here.
A.

The ventral exposed portion of the brain cavity of
Cyprinus carpio just prior to bisection shows the tough
bone which must be cut.

The views on this page are not

actual size.

B.

The

11

line of bisection

11

cut into the ventral portion of

the brain cavity is apparent here.

C.

This view shows the exposed brain cavity after bisection
with the two auditory labyri nths exposed in the upper and
lower corners on the right of the photograp h.

A

B

c
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Plate 2
These photographs show the auditory labyrinths of Cyprinus
carpio and the otoliths they contain
A.

The left labyrinthal otoliths are exposed in this view with
the asteriscus (A) deep inside the labyrinth, the sagitta
(S) on the edge of it and the lapillus (L) just outside of
it.

Each otolith is respectively closer to the bottom

of the page with the lapillus being closest to the bottom.
The magnification here is approximately seven times normal
size.
B.

Here the right labyrinthal otoliths are exposed in the same
manner as those in the left labyrinth except that now the
lapillus is closer to the top of the page.

The magnifica-

tion is about seven times normal size here also.
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A

B
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to them must be removed.

This may be done physically by pulling the

material off with the aid of needles while using a microscope or it
may be done chemically by dissolving the organic material in dilute
hypocholrite solution (common household bleach).

It must be kept in

mind, however, that the latter method is unsatisfactory if a complete
chemical analysis is to be run on the sample.

After cleaning and

drying the otoliths, they should be stored in recessed cardboard
slides in a systematic manner.

By convention, left otoliths are in

the upper half of the slide and the right ones in the bottom half.
The otoliths may be attached to the slide with cement which is readily
soluble in water.

The cement used in this case was gum tragacanth.

The slide will have approximately three-fourths of an inch on one
end for accurate labelling of the sample.
Plate 2B shows the right labyrinthal otoliths after they are
exposed.

These may be removed, cleaned, and mounted just as the left

otoliths.

It must be emphasized that the otoliths of each labyrinth

are extracted separately so that the otoliths cannot be mixed up,
right for left.
C.

Thin Section Preparation
The preparation of thin sections of the otoliths is probably the

most necessary and useful technique in this study, but it is also the
most time consuming and delicate.

The end product of these sections

is a thin slice through the nucleus (remains of the juvenile otolith
upon which subsequent growth rings are deposited) of the asteriscus
and lapillus of Cyprinus carpio.

The sagitta in this species is quite

delicate and does not lend itself to sectioning.
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A proper cement is needed to mount the section on glass.

In this

study, Lakeside 70 was used because it can readily be remelted any
time the otolith needs to be moved or turned.

Many other cements

might be used but are not so versatile.
The cement is melted on a glass slide on a hot plate which has
been marked with a diamond-tipped glass scribe to identify the
specimen.

Paper labels are not useful as long as the glass needs to

be reheated.

Once the cement is melted the otolith to be sectioned

is introduced into the covered well with the cement.

While the ce-

ment is hardening (about 5 minutes) the slide is placed under a microscope at low power (15x to 25x).

With a needle the otolith is

oriented so that all points about its edge come into focus simultaneously.

This is simply a quick method of aligning the curved specimen.

When the cement on the slide is cold the first side of the sample is
ready to be thin sectioned and polished.

In the case of Cyprinus

carpio it is best to section the internal surface first as the nucleus
is quite close to the external face.

The cement must be well cooled

so that the grinding compound will not become embedded in it, which
would cause subsequent problems.
The grinding compound may either be silicon carbide or aluminum
oxide.

Very fine compound is needed to polish a small object of soft

material (carbonate) as the otolith.

It was found by the author that

1200 mesh (13 micron) compound was the coarsest needed and 3200 mesh
(4.62 microns) the finest needed for polishing.

Even with 1200 size

compound the entire otolith may be ground away if great care is not
exercised.
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Obviously, when making this thin slice (about 10 microns thick)
parallelism of the surface must be reached quickly and maintained constantly.

This is best done by having the otoliths semented to the

middle of the slide and by applying equal pressure to each end of the
slide while grinding slowly in a large circular motion.
notice that water will collect around the sample.
otolith is positioned in the middle of this

11

Also one may

As long as the

Water bubble .. the glass

s 1ide is 1eve 1 .
Besides being fine in size, the grinding compound used must be
free-flowing.

On a very flat glass plate one may mix a small amount

of the desired compound with soap flakes and water.

When the sample

is ground over this mixture, the grinding compound is well lubricated
and free-flowing.

As one moves to increasingly finer grinding compound,

care is needed to keep the larger grains from being mixed with finer
ones.

If the compound is not of a very uniform size, the polished

surface will appear scratched, and as a result will expose less detail
than possible.
After about half of the thickness of the otolith has been removed,
light will pass through it and it will be easy to identify the desired
plane of section under a microscope.

Also at this point one should

begin using the finest compound available and should review the sample
under a microscope at least every thirty seconds, because at this
stage the otolith will disappear rapidly.

By grinding past the desired

plane, one has wasted a good sample and a lot of time.

It was found

by experience, however, that this will happen until the technique is
mastered.

The important points are to grind on a wet, lubricated

surface in a circular motion with steady, even pressure while checking
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the stage of sectioning frequently.
After removing one-half or more of the sample, it must be turned
over and the other side ground.
laid on the hot plate.

After drying, the glass slide is

As soon as the cement has melted the sample

may be turned with the aid of a needle.

The sample must be pressed

down firmly to level it and to force all air from beneath the sample.
The second half

of the sectioning process is done in exactly the

same manner as the first half while checking the stage of sectioning
even more frequently.

One should be able to see through the sample

quite readily at this point.

Should one decide that the first side

was not ground sufficiently, the otolith may be turned again; however,
it will be extremely thin and delicate at this time.

The turning may

be accomplished, however, by using something very flat and flexible
such as one end of a matchstick carved to a thin wedge .

When the

cement is melted simply use the thin wood as a spatula and turn the
specimen, keeping air bubbles from beneath it.
When the section is complete it should be covered with a standard
cover glass for protection.
Canada balsam cement.

This cover glass may be cemented with

This allows the cover glass to be permanently

attached in a few seconds.
Vertical sections were also made for this study.

They were made

in the manner described in the previous paragraphs with one variation:
instead of lying horizontally, the sample is held vertically erect in
the cement with needles until the cement is cool enough to support the
sample.

Because a much thinner cross-sectional area is involved,

this thin section is even more delicate and difficult to achieve.
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Once the cement hardened, however, the procedure is the same.

I

recommend that one become more or less proficient with horizontal
or transverse sections before attempting the vertical ones.
Two vertical sections (at right angles) and a transverse section are all needed to reveal the complete internal structure of
the oto 1 i th.
D.

X-Ray Analysis
X-ray analysis was performed on the otoliths of Cyprinus carpio:

1)

to determine qualitatively the mineral present in them in the form

of acicular crystals, and 2)

to determine quantitatively how much,

in percent, of this mineral is present in the otolith.

These two tests,

or analyses, are performed by x-ray diffraction and x-ray emission,
respectively.
1.

X-ray diffraction

The principle of x-ray diffraction is to diffract x-rays in the
unknown sample that were emitted under steady, known conditions.

X-

rays leaving the x-ray tube have a constant wavelength; however, when
being diffracted from the sample they must satisfy Bragg•s Law:
n~t

=

2dsin8

n

=

order of wavelength expressed as a
positive integer, normally 1.

It

=

wavelength of the x-rays expressed
in angstroms
distance between a tom i c p1a ne s of
sample expressed in angstroms

8

=

angle of diffraction in degrees
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The sample has many atomic planes; thus, many different possible d
spacings which could cause many separate responses in the x-ray
machine.

These planes must be parallel to the surface of the sample

holder so that many of these responses will never be seen unless the
atomic planes are oriented randomly.
a fine powder out of the samples.

This is accomplished by making

Because the wavelength is constant

as well as the order of wavelength, each known substance will have a
different set of responses at various exact angles, based upon the
atomic spacing as shown in Bragg's Law.
The sample to be analyzed then is ground to a fine powder in
alcohol.

The lubrication of the alcohol facilitates a more evenly

ground powder.

After ten minutes of grinding with a clean mortar and

pestle, the sample is spread evenly upon a clean glass slide.

The

random arrangement of atomic spacings in the sample will cause responses at various angles in the x-ray machine.

These responses

may be recorded permanently on graph paper in ink, or more accurately,
on sets of counting dials called a scale.

Normally both methods of

detection are used in conjunction with one another.

The results are

then compared to standard card catalogs.
2.

X-ray Emission

During x-ray emission, the x-ray machine functions as a spectroscope; consequently, it analyzes for elements rather than compounds
as in x-ray diffraction.

Bragg's Law is still in effect here even

though there has been a change in the positioning of the sample.

The

sample is now caused to emit the x-rays rather than to diffract them.
Now the atomic spacing is a constant factor along with the order of the
wavelength (in most cases).

The wavelength, however, is now variable
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since the elements present in the sample determine this wavelength.
The results obtained from the scaler or printer of the machine are
still expressed in degrees.

The intensity of the response is used

to determine the amount of the elements present.
In x-ray emission studies, one must make his own standards.

The

first step in making standards is, of course, to know the constituents
of the unknowns in question.

It has already been shown that all fish

otoliths examined were composed of only two constituents:
carbonate (ordinarily aragonite) and 2) a protein.

l)

calcium

The

standards must resemble as nearly as possible the chemical make-up of
the unknown.
aragonite.

In this case chemical calcium carbonate is used for
This is possible because the x-ray spectroscope analyzes

for elements with only minor regard to the arrangement of bonding
between the atoms.

This would not be true in x-ray diffraction.

Aragonite is, of course, calcium carbonate in an orthorhombic rather
than a rhombohedral form.

Ammonium oxalate was used to simulate the

organic protein because it is made of exactly the same elements in
nearly the same proportions.

Making standard samples such as this

allow and correct for the varying absorption coefficients of various
mixtures of the two constituents of the unknown.

Because these

standards are critical it is advisable to make each independently of
the other; not just a series of dilutions as is commonly done.
It was found that because of the very small amounts of otolith
material from each specimen, it was necessary to increase the volume
of the unknown to ten times its normal size.

This is actually a

dilution by weight to ten times the weight of the sample.

Ammonium
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oxalate was found to be an excellent dilutant as it does not affect
an accurate reading of the calcium carbonate concentration in the
sample.

Obviously if the sample were diluted ten times, then the

maximum possible calcium carbonate concentration is ten percent.
Therefore, standards ranging from zero to fifteen percent were made
of calcium carbonate and ammonium oxalate.

It is recommended that

at least 400 mg. of material be accumulated after dilution amounting
to a sample being at least 1/16

11

thick.

A sample of less thickness

may not absorb and re-emit all the x-rays thus giving improper
results.
For experiments used in this investigation, standards and samples
were made in the following manner.

The standards and samples must be

mixed thoroughly with the filler to obtain good results.

It was found

that placing the standard or sample in an automatic mortar grinder for
one-half hour is the best means of mixing in the filler.

The

diluted standard or sample of 450 mg. is then placed in a mold with
an extremely smooth surface.

This material is then covered with solid,

powdered boric acid, which is extremely fine-grained.

I t is then

pressurized to several thousand pounds of pressure with a hydraulic
pressure jack.

The boric acid when placed under this pressure forms

a quite durable mold which encases the sample, and t he sample has an
extremely smooth surface which is desirable for the x-ray analysis.
Any surface roughness increases the diffusion of x-rays and, once
again, reduces good results.
Finally a reference slab of a solid rock must be chosen containing
nearly the same concentration as the unknowns of the element being
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analyzed.

This allows one to use different x-ray machines at different

times whenever the need arises.

It also corrects for changes in

voltage, background radiation, and other factors which might influence
the intensity received by the x-ray counter.

The ratio of a standard

or sample with the reference slab will always be a constant.

The

actual ratio is best expressed as the average of several intensity
readings of the standard or sample with the average of several
intensity readings of the reference slab taken before and after the
standard or sample.

This approximates the intensity of the reference

slab at the exact time that the intensity of the standard or sample
was taken (Table I).
The intensity ratios of the standards, once calculated, are points
lying on a curve.

Once this curve, and its equation, are determined,

samples may be analyzed at any future date without refering back to
the standards.

This aids in limiting contamination of the results.

As is shown in the accompanying Table II, the equation based on
the standards and reference slab used in this investigation is as
follows:
y

= 0.15526 x2

+ 3.10376

x- 0.08153

where
x = ratio of sample intensity to reference
intensity
y

=

calculated percentage level of Caco 3

It must be remembered here that the results must be multiplied by ten
(or whatever dilution was made) to achieve the original percentage.

For any one sample, the accuracy of the percentage level will be
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+ 1.8 percent as shown in Table II.

The accuracy achieved from using

several samples will, of course, be much improved from this figure.
Using a statistical approach it was found that the accuracy of the
average of nine or more samples will fall into the range
not 1.8%.

of~

0.6%,

It must be pointed out that the range (one half of the

difference in concentrations found from the highest to the lowest
sample) is actually much larger than this (6.5%) and will be dependent
upon the species under investigation.

The range will remain more or

less constant while the accuracy of the average calculated percentage
concentration will improve with the number of samples used.

Reference
0%
Reference
5%
Reference
6%
Reference
7%
Reference
8%
Reference
9%
Reference
l 0%
Reference
11%
Reference
12%
Reference
13%
Reference
14%
Reference
15%
Reference

Int.
481
15
429
699
475
880
478
946
480
1113
487
1249
487
1403
471
1484
482
1634
484
1760
842
1873
494
1944
480

Ratio
0.0329
1. 545
1. 848
1.977
2.308
2.562
2.930
3.114
3.383
3.641
3.836
3.913

Int.
471
14
453
684
481
893
481
961
492
1136
491
1271
497
1441
489
1509
492
1664
490
1784
509
1877
483
1976
497

Ratio
0. 0.303
1. 465
1. 858
l. 979
2.313
2.577
2.026
3.078
3.394
3.578
3. 781
4.035

Int.
478
13
421
712
478
897
485
991
491
1145
492
1268
487
1418
491
1495
501
1658
496
1799
487
1916
493
1961
501

Ratio
0.0289
l. 565
1. 856
2.032
2.334
2.593
2.900
3.017
3.323
3.600
3.911
3.950

Int.
473
16
458
718
481
892
490
973
491
1124
506
1282
499
1464
488
1528
500
1657
501
1798
489
1898
503
1961
507

Ratio
0.0343
l. 530
1.838
1.985
2.259
2.55
2.967
3.095
3.304
3.632
3.828
3.882

Int.
458
13
473
698
479
894
482
973
491
1143
488
1278
509
1425
497
1537
500
1688
509
1792
502
1900
488
1986
481

Ratio

Average ratios

0.0279

0.03090

1. 467

l. 514

1.860

1. 852

2.001

l. 994

2.340

2.309

2.562

2.569

2.835

2.911

3.081

3.077

3.343

3.349

3.542

3. 610

3.839

3.839

4.100

3.976

Tablel: Development of intensity ratios between standards and reference samples, as determined through
use of the x-ray emission spectroscopy. The standards vary in their percent composition of
calcium carbonate from 0% to 15% as shown above. The reference slab of rock (in this case pure
marble) is used before and after each standard so that factors such as machine voltage, temperature, air, etc. can be accounted for as they fluctuate. Five sets of data are prepared for each
standard so that the average ratio should be accurate. One ratio is calculated by dividing the
reading on the standard by the average of the pre- and post-reading on the reference.

w

-.....J

Percentage

Intensity Ratios

Percent Reagent
CaC0 3

0
5
6
7
8
9
10

0. 031
1. 514
1. 852
1. 994
2.309
2.569
2. 911
3.077
3.349
3.610
3.839
3.976

0.000
5.000
6.000
7.000
8.000
9.000
10.000
11.000
12.000
13.000
14.000
15.000
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12
13
14
15

Computer Calculated %
CaC0 3
0.014
4.973
6.199
6.724
7.912
8.916
10. 269
10.938
12.054
13.146
14.122
14.713

Error
-0.014
0.026
-0.199
0.275
0.087
0.083
-0.269
0.061
-0.054
-0.146
-0.122
0.286

Y = 0.15526 x2 + 3.10376 x- 0.08153

Table II.

Developing an equation, based on the method of least squares, which relates intensity ratios
with percent composition of calcium carbonate. By the method of least squares, an equation
is developed by a computer to best approximate the curve defined by the intensity ratios and
percentage composition of CaC03 in the standards. At any one point along the calculated
curve, the accuracy is~ 1.8%. In the equation, x represents an intensity ratio andY represents the resulting calculated percentage of calcium carbonate.
w

():)

39

IV.
A.

INVESTIGATION OF ASTERISCUS AND LAPILLUS OF CYPRINUS CARPIO

Terminology of the Otoliths
Before discussing data pertinent to the otoliths of Cyprinus

carpio, we must have common grounds to stand on.

These common grounds,

of course, are represented by a set of standard terminology for the
asteriscus and lapillus of Cyprinus carpio.

The sgittae, commonly

sought after in most species, will not concern us here because in
Cyprinus carpio the sagittae are so fragile and small that it is quite
a feat to obtain, let alone use them in various tests.
The terminology of the sagitta, however, does accompany this text
for comparison.

The inner face of the left sagitta of Lepomis macro-

chirus (Rafinesque), common bluegill, is chosen to fulfill this requirement (Text Figure 2).

Its size makes it easy to draw.

The full

terminology of a generalized saccular otolith is shown in Text Figure
of Frizzell and Dante (1965).
Because of its lack of numerous intricate features, the lapillus
has only a small amount of terminology associated with it.

Ictalurus

melas (Rafinesque) was chosen to portray this terminology (Text Figure
3).

The bullhead carfish, Ictalurus melas (Rafinesque) is only one

member of the family which shows the well-developed lapillus.
As far as is possible, it has been determined that no one has, as
yet, proposed terminology for the asteriscus.

Because of a relatively

new exposure to the field, I do not feel that I can propose formal
terminology either.

However, in order to convey to the reader infor-

·mation gained in this investigation, some sort of .. wording .. or termin-

ology must be used.

I find it most convenient then to list a set of
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undeisgnated terminology for use in this report.

The asteriscus of

Cyprinus carpio (Linnaeus) is used to portray this information.

These

terms are largely self-exp la natory but brief definitions will be given
as follows and in Text Figure 4:

B.

1)

Ventral rays- small domes resulting from rays growing
toward the ventral edge.

2)

Posteriorrays - domes resulting from the most elongated
rays in the posterior direction.

3)

Posterodorsal rays - small domes resulting from rays
between dorsal and posterior edges.

4)

Dorsal rays - small domes resulting from rays on dorsal edge.

5)

Anterodorsal rays - small domes resulting from rays
between the dorsal and anterior edges.

6)

Anterior depression -

7)

Posterior depression - "notch 11 or depression on the posterial
end

8)

Rostrum - beak or point

9)

Ostium - raised circular ridge in the center of the inner face

notch 11 or depression on the anterial
end
11

10)

Cauda- area surrounded by the ostium

11)

Sulcus- the total area of the astium and cauda

12)

Caudal Depression - deepest point in the cauda

13)

Antiostial canal - canal leading from the sulcus to the rostrum

Internal Structure
1.

As teri scus

The overall appearance of the inner face of the asteriscus, Plate
~,

. is that of a cup and saucer arrangement:

the

11

Saucer" is the larger,

eonvex-concave, body composed of interlocking rays originating at the
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Plate 3

These are views of the inner and outer faces, respectively,
of the asteriscus of Cyprinus carpio.
approximately twenty times normal size.

The magnification is
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nucleus of the otolith and traveling to the periphery where the
l i ke

11

outline occurs.

The

11

CUp

11

11

Star-

is the sulcus sitting upon the con-

cave side of this large circular-rayed structure.

The convex, or

outer face of the asteriscus is plain and without features except for
rays.
These rays, or bundles of acicular aragonite crystals (Plate 4A)
are even more readily apparent in thin section.

They are obviously

perpendicular to the growth lines, composed of the organic protein.
The growth lines are, however, flexed inward when crossing the boundary between rays (Plate 48).

This is undoubtedly caused by the

outward growth of the aragonite crystals in the rays.
The most critical internal structure, the origin of all the
other features, is the nucleus of the otolith.

Although all other

features radiate outward from the nucleus, it is not located in the
center of the asteriscus.

Its actual location is directly beneath

the caudal depression very near the outer face.

It is so near the

outer face, in fact, that it can nearly be seen in the microscope
without sectioning.
section.

Any detail, however, must be examined in thin

The transverse section and the two vertical sections (at

right angles to one another) (Plate 5A, B, and C) show clearly this
location and, at the same time, reveal the structure of the sulcus
and its relationship to the rest of the otolith.
The development of the nucleus, of primary concern in this report, unfolds at this point as is shown in Plate 50.

If the nucleus

began as a tiny crystal created from solution, the concentric growth
rings would continue to be apparent inward past the point of resolution
of the microscope.

However, if the nucleus is developed by massing
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Plate 4
The acicular crystals and the growth rings of Cyprinus carpio
are shown in these views.
A.

The acicular crystals are apparent here as they cross at
right angles to the growth lines.

The magnification is

approximately 125 times normal size.

B.

The heavy growth rings of the asteriscus of Cyprinus , carpio
may be seen here at a magnification of about 50 times normal
size.
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A

B

Plate 5
This plate illustrates the nucleus of the asteriscus of Cyprinus carpio.
A.

This vertical section is made from dorsal

The transverse shows the nucleus near the center

to ventral through the asteriscus with a

of the photograph with a magnification of 125

magnification of 125 times normal size.

times normal size.

The nucleus is at the upper edge of the

B.

C.

D.

The nucleus shown here, exposed through trans-

photograph near the center.

verse sectioning, is magnified about 250 times

This vertical section is made from anterior

normal size.

to posterior through the asteriscus with a

the dark spot in the photograph (which happens

magnification of 125 times normal size.

to be an air bubble trapped in the section).

Here the nucleus is also at the upper edge

The nucleus is about one-tenth of a mm in

of the photograph near the center.

diameter.

It is composed of the area around

50

51

together many tiny crystals about which the first growth ring forms,
then the nucleus should appear to be a spherical body without resolvable features and the first growth ring of the otolith will be
visible under high magnification.

By observing the nucleus as it

appears in Plate 5, the latter situation seems to be the case.
Growth rings continue inward to the nucleus where they terminate
and are replaced by a spherical body with indistinguishable characteristics.

Although not substantiated, this may indicate a massing

of tiny aragonite crystals, probably during embryonic stages, after
which the first growth ring is formed.
2.

Lapillus

The overall appearance of the lapillus Plate 6 is that of a
large spherical body with one wing attached.
sulcus of the lapillus.
not present here.

This wing is the

The large rays seen on the asteriscus are

Rather than being in bundles, the acicular aragon-

ite crystals are individual; thus, there are no observable rayed
structures.

Both the growth rings and the acicular crystals are

still present in the lapillus as they were in the asteriscus.

It must

be noted here that although the growth rings and the crystals occur
together, thicker sections reveal the growth rings while extremely
thin sections reveal the crystals better.

As may be reasoned from

this fact, then, it is difficult to obtain good photos of both together, although a section of optimum thickness may do just that.
The nucleus of the lapillus was also investigated (Plate 7).
Here in the transverse, and two vertical sections, it is seen that
~ the

nucleus is more or less in the center of the large spherical mass
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Plate 6

These views are the inner and outer faces, respectively, of the
lapillus of Cyprinus carpio, magnified approximately 40 times
normal size.
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U1
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Plate 7
These views illustrate the nucleus of the lapillus of Cyprinus carpio.
A.

This vertical section was made from dorsal
to ventral in the lapillus of Cyprinus

the lapillus near the center of the upper left

carpio.

quadrant of the photograph with a magnification

This magnification is about 125

times normal size.

The nucleus is near

the center of the photograph.
B.

C. The transverse section shows the nucleus of

of about 125 times normal size.
D.

The nucleus of the lapillus of Cyprinus carpio

This vertical section was made from an-

is shown here near the center of the photograph

terior to posterior through the lapillus

with a magnification of about 250 times normal

and is magnified about 125 times normal

size. The nucleus is about two-hundredths of a

size.

mm in diameter.

The nucleus is near the center on

the left end of the photograph.

c:a
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at the antisulcal end of the lapillus.

It may also be seen in Plate

70 that, just as in the nucleus of the asteriscus, is an indistinguishable body surrounded by a very faint first growth line.

This indi-

cates then, once again, that the nucleus originated as a massing of
many tiny aragonite crystals and that all growth rings appeared after
that.
3.

Sagitta

Other than overall appearance, the very fragile sagitta of
Cyprinus carpio was not investigated in this study.

The sagitta

appears needle-like with a pair of wings on opposite sides of the
blunt end of the needle.

It appears, as may be seen in Plate 8

that the sagitta also has growth lines.

The nature of these, however,

are reserved for a future study.
C.

Chemical Composition
All of the determinations of chemical composition were made

through the use of x-ray analysis as described previously.
1.

X-ray Diffraction

It was already determined by several authors that otoliths are
largely composed of aragonite.
paper were tested anyway.

However, the samples used in this

X-ray diffraction of the otoliths of

Cyprinus carpio yielded a pattern of intensities at various angles
which, when compared with the s t andard card catalogue, proved that
the major constituent is aragonite , Table III.
Degens et

~-,that

named otolin.

It was shown by

the organic material was a protein specifically

The constituents of the protein are too small in weight

percent to appear above the background of the x-ray diffraction

U1
""'-.1

Plate 8

The inner and outer faces, respectively, of the winged sagitta of Cyprinus carpio are shown here
at a magnification of about twenty times the normal size.
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pattern.
2.

X-ray Emission

The two constituents of the fish otolith has been determined
previously many times.

However, the exact percentage of Caco 3 varies
from one species to another. It is this percentage which may help
to distinguish one species from another.

Although the elements of

the organic protein are much too light to be detected by the x-ray
apparatus, it is possible to analyze for calcium carbonate; then,
the remaining percentage can only be accounted for by the presence
of the organic protein.

It may be reasoned that any contamination

would be included in this remaining percentage.

However, no contam-

ination was found.
It is known that after fossilization, the organic material can
not be detected (and is probably absent) and the aragonite may
change to calcite.

This process does not take place for some time.

Four samples were tested within 24 hours after removal from the fish
and five other samples were tested after being removed for six
months or longer.

No difference was found in the results.

One sample

consists of all three pairs of otoliths from one fish.
As is shown in Table IV the average composition of the nine
samples is as follows:
Average- 75.19% Caco 3
Accuracy - + 0.06%
Range - + 6.5%

As was suggested earlier, the accuracy of the average of nine samples
is much better than the accuracy of any one analysis, while the variance
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will remain constant.

This indicates, then, that the organic protein

of the otoliths of Cyprinus carpio is in the following concentration:
Average - 24.1% Organic protein
Accuracy- + 0.6%
Range- + 6.5%
Degens et

~-,

suggested that, of all the species they examined, the

percentage concentration of the organic protein varies from 0.2% to
10% by weight.

It may be seen, then, that there is a large difference

between the percentage of organic material determined for Cyprinus
carpio and the species they investigated.
that this discrepancy is a valid one.

It can be reasoned, though,

When looking at thin sections

of other species, one finds that the growth lines are often thin and
faint.

This would be because of the very small percentage of organic

material present in them for the formation of growth lines.

When

looking at a thin section of Cyprinus carpio, however, it is obvious
(Plate 9A) that the growth lines are quite broad and bold in appearance,
indicating that indeed there is a large amount of organic material
in the otoliths of this species (compared to the others).

The appear-

ance of the growth lines in their section of the otoliths of Cyprinus
carpio, the fact that nine separate samples were used individually
prepared and yielded approximately the same results, and the fact that
no stray elements were found in these prepared samples all help to
indicate that this x-ray method of analysis should be as valid as the
method used by Degens et

~-
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.Known d-spacings and intensities
of Aragonite, respectively
(Angstroms)
4.212
3.396
3.273
2. 871
2.730
2.700
2. 481
2.409
2.372
2.341
2.328
2.188
2.106
1.977
1. 882
1. 877
1. 814
1. 759
1.742
1. 728
1. 698
1. 557
1. 535
1. 499
1. 475
1. 466
1. 411
1. 404
1. 365
1. 358
1. 328
1. 261
1. 240
1. 224
1.205
1. 1892
1 . 1 71 2
1 . 1599

Table III.

2
100
52
4
9
46
33
14
38
31
6
11
23
65
32
25
23
4
25
15
3
4
2
4
3
5
5
3
3
3
2
6
7
5
6
5
6
3

. 0-spacings and intensities
found in otoliths
respectively (Angstroms)
3.388
3.258
2.857

100
32
8

2.694
2.478

64
31

2.365
2.331

34
23

2.184
2.098
1 . 971

12
25
68

1. 872
1 . 811

25
18

1.739
1.720

33
17

1 . 41 07

5

1. 3507
1. 326
1. 259
1. 234
1. 223
1. 204

7
3
3
6
4
3

An x-ray diffraction of an otolith of Cyprinus carpio.
This close comparison shows positively that the major
constituent of the otolith is aragonite.
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Sample

Intensity Ratio

Oil uted %

Dilution Factor

Original

1

2.225

7. 59296

10

75.9296

2

2.091

7.08727

10

70.8727

3

2.023

6.83278

11

75.1605

4

2.246

7.67272

10

76.7272

5

2.287

7.83183

10

78.3183

6

2.139

7.26808

10

72.6808

7

2.383

8.19671

10

81.9671

8

2.052

6.94224

10

69.4224

9

2.395

8.24444

10

82.4444

Average percentage Caco

3

Accuracy percentage Caco 3
Range percentage Caco 3
Table IV:

=

75.95 %
+ 0.6 %

= +

6.5 %

X-ray emission spectroscopy of nine unknown samples of
otoliths of Cyprinus carpio. Samples 1-4 were analyzed
within 24 hours of their extraction from the carp.
Samples 5-9 were analyzed after being stored dry for
six months or longer. No observable difference was found.
Accuracy describes the reliability of the average. Variance describes the amount any one individual within the
species might vary from this average.
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Plate 9
Growth lines may sometimes be useful because of the patterns
they reveal as shown in these photographs.
A.

This thin section shows the broad and bold growth lines
as they appear in an asteriscus of Cyprinus carpio at a
magnification of about 125 times normal size.

B.

The growth lines are often in a definite pattern as
shown here in a section of a lapillus of Cyprinus carpio,
at a magnification of about 250 times normal size.
combination of one light and one dark area of growth
rings may comprise one month's total.

The
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B
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D.

Possible Future Studies
Several problems or

this study.

11

loose assumptions

11

remain unanswered from

In particular, fossilized otoliths or Cyprinus carpio

have never been found.

The fish itself, however, may be found as

often as any other species.

The reason for this is elusive.

Bone

material, of course, differs grossly in composition from otoliths,
so the conditions ideal for fossilization of one material will definitely not be ideal for the other.

This explains why even in the

very well preserved fossil fishes of the Green River shales, otoliths
are not found.

Otoliths are commo nly found, however, in deposits

where carbonate, rather than phosphatic material, was preserved.
One possibility is that if found, these otoliths may not have been
recognized.

It is this line of reasoning which prompted studies such

as this one.

Every possible fossil or dissociated part must be used

for complete stratigraphic correlations as long as these fossils and
parts are available.
recognized.

They cannot be used, however, if they are not

Another possibility, and the most probable, is that they

simply have not been found yet, since many deposits have not been
examined by people looking for otoliths.
The last possibility is that the otoliths of Cyprinus carpio have
too much organic material to allow preservation in the fossil form.
The otoliths of many species may be preserved because not enough organic material was present in them to prevent fossilization.

Because

carp otoliths seem to have much organic material in them, however, it
.may be possible that the entire otolith may be destroyed when this
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organic material deteriorates.

This type of deterioration could only

occur, of course, in the fish•s body where much chemical change is
taking place, not in a cardboard slide as samples for this study
were stored.

There may be a maximum organic concentration beyond

which no preservation in the natural state is possible.
Another area of future study is that of growth ring analysis and
life span determinations.

This study could be particularly im-

portant and useful in fossil otoliths.

Some research has been con-

ducted on this topic, as was seen in previous chapters, but there
is much room for further investigation.

Thin sections of samples

used in this study (Plate 9B) show many growth lines, but the interpretation of them is quite hazy.

More than likely, the smallest

subdivision represents daily growth lines.
to be monthly patterns is quite apparent.
noticeable.

Sometimes, what appears
Other times no cycle is

Somewhere, hidden within them, these growth lines must

possess a pattern which can be interpreted.
One other point should be discussed in this section.

As was

pointed out earlier, otoliths of carp, as well as well as those of
many other species, have not been found in the fossilized form,
probably because no one with the ability to recognize them has looked
for these otoliths.

As for any studies discussed in this report,

no reason has been found, and proven, for this.

To the best of my

knowledge, the otoliths of all fishes have an equal probability of
becoming fossilized.

Only the fact that some species abound in

greater numbers would weigh this probability.

It is time then that

researchers in this field put greater effort into sampling the
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coastal and freshwater deposits for the presence, abundance, and
types of otoliths available within them.

Once this greater effort

is made, many of the otolith genera which have not formerly had
fossilized otoliths may be found and recorded.

When this is done,

geologists may be able to use otoliths in a much more reliable
fashion as stratigraphic tools.
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V.

CONCLUSIONS

It has been shown that otoliths, although often unrecognized,
are much more abundant and more readily available than any other
part of the class of fishes.

Because all possible means of develop-

ing correlations in stratigraphy are needed, otoliths are being
investigated from all angles to determine their origin, function,
morphology, and to expose them to the geologic workers so that they
may accurately be raised as a stratigraphic tool whenever or whereever they are found.

Although not readily visible while eyeing an

outcrop, otoliths and other microfossils are playing an extremely
important role to the correlation of well logs, both for purely
stratigraphic knowledge and in the oil and gas industry.
These particular facts have been shown about fish otoliths by
previous studies:
1)

Otolith morphology may distinguish one fossil from another.

2)

Otoliths are useful in stratigraphic correlation.

3)

Otoliths are used by the fish for hearing and tone reception.

4)

Otoliths are deeply involved in the equilibrium of fish and
depth perception.

5)

Fresh otoliths are composed of two constituents:

calcium

carbonate and organic protein (otolin).
6)

Otoliths, when being formed, are isolated from the immediate
environment of the fish.

7)

Otolith formation is subject to a great degree of circadian
rhythms.
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8)

Otoliths can be used torecall some of the environment of the
fish they came from.

9)

Otoliths, by the use of growth rings, may be used to indicate the age of the fish it came from.

This investigation has revealed the following aspects of the
otoliths of Cyprinus carpio:
1)

The asteriscus is well developed in Cyprinus carpio and
other Ostariophysins while it is relatively unavailable
in non-Ostariophysins.

2)

Terminology of the asteriscus is needed and an undesignated
set of terms is given included in this study.

3)

The nuclei of both the asteriscus and lapillus were probably originated as many tiny individual aragonite crystals
massed together, probably during the embryonic stages.

It

is about this indeterminate mass that growth rings are
formed.

Further study may show that, in general, all

otoliths originate in this manner.
4)

The organic constituent of the otoliths of Cyprinus carpio
is approximately 24.1%.
species

is~

The range of variation within the

6.5 % and the accuracy of this average is+ 0.6%.

This is a much greater percentage of organic material than
has been shown by other workers investigated in this report.
This large percentage of organic material can be verified in
thin section and may cause a brakdown during decomposition,
thus, preventing fossilization of carp otoliths.
5)

The crystal structure of the otoliths of Cyprinus carpio is in
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the form of aragonite.
6)

In general, much more study is needed in the fossilization of
fish otoliths of any species and the use of growth rings for
age analysis of fishes.
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VI.

APPENDICES
APPENDIX A

Phylum Vertebrata
Superclass Pisces
Class Osteichthyes
Superorder Ostariophysi
Order Cypriniformes
Suborder Cyprinoidei
Superfamily Cyprinoidei
Family Cyprinidae
Cyprinus carpio (Linnaeus)

Table V.

Taxonomic Position of Cyprinus carpio.
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APPENDIX B

Left Asteriscus
Sample No.
5
6
7
8
9
10
11
12
13
14
AVE

Width(mm)
6.81
5.94
6. 81
6.50
6.02
6.55
6.50
6.06
7. 12
6.45
6.476

Height(mm)

Thickness(mm)

Weight(mg)

1. 40
0.93
0.95
1 . 32
1. 05
1. 22
0.96
0.90
1 . 01
1 . 29
1 . 1 04

21 . 2
22.0
19.0
19.4
18.4
19. 2
18.8
20.3
21. 6
20.4
20.03

4.22
4. 61
3.95
4.22
4.35
4.17
4.00
4.22
4.48
4.39
4. 261

Right Asteriscus
Sample No.
5
6
7
8
9
10
11
12
13
14
AVE

Table VI.

Width(mm)
6.68
6.02
6.46
6.36
6.02
6.59
6.68
6. 11
7.12
6.77
6. 481

Height(mm)
4.17
4.56
4.04
4.26
4.30
4.22
4.08
4.17
4.39
4.44
4.313

Thickness(mm)
1 . 25
1 . 18
1. 03
0.88
0.94
0.99
1. 28
1. 00
1. 03
1. 20
1. 078

Weight(mg)
20.7
22.1
19.0
20.0
17.7
19.5
18.7
19.8
21.8
21 . 1
20.04

Comparison of pairs of asterisci of Cyprinus carpio.
On the average there is a very close correlation between
pairs of asteriscii of Cyprinus carpio. Although there
are slight variations, these measurements along with the
fact that one species always possesses the exact same shape
in otoliths proves that there is a very decisive genetic
control over the growth of otoliths.
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APPENDIX C

Left Lapillus
Sample No.
5
6
7
8
9
10
11
12
13
14

AVE

Width(mm)
2.85
3.29
2.94
3.16
3.25
2.99
3.03
3.07
3. 21
2.94
3.073

Height(mm)

Thickness(mm)
1. 02
1.00
0.99
0.98
0.99
0.98
0. 93
0.91
1 . 01
1. 01
o. 982

1. 84
2.02
1. 89
1. 84
1. 84
1. 97
1.93
1. 76
1. 84
1. 89
1. 883

Weight(mg)
4.8
5.3
4.3
4.3
4.3
4.9
4.3
4.5
5. 1
4.3
4. 61

Right Lapillus
Sample No.
5
6
7
8
9

10
11
12
13
14

AVE
Table VII.

Width(mm)
2.77
3.29
3.16
3.12
3.07
2.94
2.94
2.99
3.29
3.07
3.064

Height(mm)
1. 98
1. 98
1. 84
1. 89
1. 98
1. 97
1. 98
1. 84
1. 98
1. 93
1. 937

Thickness(mm)
0.90
1 . 01
1. 00
0.95
1. 02
0. 95
1. 02
1. 02
1 . 01
0.98
0.979

Weight(mg)
4.8
5.0
4.0
4.3
4.2
4.9
4.4
4. 1
5.7
4.6
4.60

Comparison of pairs of lapilli of Cyprinus carpio.
There is also close correlation between pairs of lapilli
just as there is in the asterisci.
Just as in Table 6,
the same line of reasoning may be used to show that there
is a very strong genetic control in the growth and
development of the lapillus.

APPENDIX D
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Otolith Sets of Other Species
Plate 10
A.

Ictalurus melas (Rafinesque)

c.

Black Bullhead Catfish

B. Lepomis macrochirus (Rafinesque)

Perch found in school zoology course.
and species not clearly determined.

D. Notemigonus crysoleucas (Mitchill)

Bluegill

Golden Shiner Minnow
E.

Semotilus atromaculatus (Mitchell)
Creek Chub Minnow

(NOTE: Small squares on background are 3.67 mm on each side)

Genus
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Appendix D (continued)
F.

Pomoxis annularis (Rafinesque)

H.

White Crappie
G.

Dorosoma cepedianum (LeSueur)
Gizzard Shad

Salmo gairdnerii irideus (Richardson)
Rainbow Trout

I.

Cypri nus carpio (L i nnaeus)
Common Carp

"""-.~

(j)

L)
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Appendix D (continued)
J.

Micropterus

salm~ides

(Lacepede)

Largemouth Bass

L.

Roccus

Chryso~

(Rafinesque)

or Morone chrysops
White Bass

K. Micropterus dolomieui (Lacepede)
Smallmouth Bass

M. _lepomi s mi croJQQbQ_s_ (Gunther)
Redear Sunfish

u

co
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